Introduction {#s0005}
============

Esophageal adenocarcinoma (EAC) is a highly aggressive malignancy, and its incidence has increased dramatically in the last few decades in Western countries [@bb0005]. Worldwide, an estimated 52,000 individuals are diagnosed with EAC, and 17,460 people will be diagnosed with esophageal cancer in the United States, with EAC comprising the majority of cases [@bb0010], [@bb0015]. EAC is characterized by resistance to chemotherapy and poor prognosis with a 5-year survival rate below 20% [@bb0020], [@bb0025]. Given the dismal clinical outcome of EAC, identification of targetable molecular events that could lead to the development of alternative therapeutic strategies is crucial.

AXL receptor tyrosine kinase (RTK) was originally isolated as a transforming gene from primary human myeloid leukemia cells [@bb0030]. Overexpression of AXL has been associated with chemotherapy drug resistance and poor prognosis in EAC [@bb0035]. AXL, in the presence of its ligand Gas6, has been shown to drive angiogenesis, proliferation, epithelial-to-mesenchymal transition (EMT), invasiveness, and survival mainly through aberrant activation of downstream phosphoinositide 3-kinase (PI3K)/AKT and mitogen-activated protein kinases (MAPK) pathways [@bb0040], [@bb0045], [@bb0050], [@bb0055]. Although it is well documented that AXL mediates EMT-induced cell invasion, the precise molecular features underlying this process are not completely characterized.

Cancer-associated lysosomal changes have been implicated in cancer progression and metastatic disease [@bb0060], [@bb0065]. Notably, lysosomal peripheral distribution is emerging as an important feature in cancer cell migration and invasion through enhanced lysosomal exocytosis and extracellular matrix (ECM) degradation [@bb0065], [@bb0070], [@bb0075], [@bb0080]. Lysosomes are acidic organelles (pH 4.5-5.0) containing over 50 acid hydrolases, among which cathepsins constitute a family of proteases responsible for the cleavage of peptide bonds in proteins. Cathepsins are often upregulated in various human cancers and have been implicated in angiogenesis, proliferation, apoptosis, and invasion (reviewed in [@bb0085]). The tumor-promoting effects of cathepsins are mainly associated with their secretion and degradation of the ECM. For instance, cathepsin B, which is often localized at the cell surface of cancer cells, enhances cell invasion and metastasis [@bb0090], [@bb0095].

Most cancer cells depend on aerobic glycolysis to generate the energy needed for cellular processes rather than oxidative phosphorylation, a phenomenon termed "the Warburg effect" [@bb0100]. This phenomenon is accompanied by increased lactate secretion and metastasis [@bb0105], [@bb0110]. Lactate contributes largely to the acidification of the extracellular pH (pH~e~), and it is well known that the pH~e~ of tumor tissues is often acidic [@bb0100]. Acidic pH~e~ increases not only the activation of some lysosomal proteases with acidic optimal pH but also the expression of some genes facilitating cell invasion. Thus, an acidic microenvironment is strongly associated with tumor metastasis [@bb0115] (reviewed in [@bb0120]). In addition, it has been proposed that cancer cells adapt to chronic extracellular acidification by upregulating lysosomal proteins expression [@bb0125]. Acidification of the tumor microenvironment by lactate secretion is mediated by monocarboxylate transporters (MCTs) that passively transport lactate and protons across the cell membrane [@bb0130]. MCT-1, which functions bidirectionally, exports lactic acid from cancer cells [@bb0135], [@bb0140], and increased MCT-1 expression has been associated with higher cancer cell migration, invasion, angiogenesis, and metastasis [@bb0110], [@bb0145], [@bb0150], [@bb0155]. In cancer, MCT-1 expression has been reported to be upregulated by nuclear factor-kappaB (NF-κB) under hypoxia in the absence of functional p53 [@bb0160]. Additionally, the NF-κB pathway has been implicated in the activation of *MCT-1* promoter by butyrate in human intestinal epithelial cells [@bb0165], [@bb0170]. Notably, putative NF-κB DNA binding sites were previously reported within the *MCT-1* promoter, and NF-κB has been shown to be regulated by AXL in an AKT-dependent manner [@bb0165], [@bb0170].

Here, we demonstrate that AXL expression in EAC cell lines is implicated in the MCT-1--mediated lactate secretion and extracellular acidification, peripheral distribution of lysosomes, and secretion of cathepsin B, leading to enhanced cell invasiveness. These data establish a novel molecular mechanism by which AXL mediates EAC cell invasion.

Material and Methods {#s0010}
====================

Cell Lines, Antibodies, and Reagents {#s0015}
------------------------------------

The human esophageal adenocarcinoma cancer cell lines OE19, OE33, FLO-1, and SK-GT-4 were a kind gift from Dr. David Beer (University of Michigan, Ann Arbor, MI) and were cultured in DMEM (GIBCO) supplemented with 5% fetal bovine serum (FBS; GIBCO) and 1% penicillin/streptomycin (GIBCO), while ESO26 and OAC M5.1 were purchased from Sigma-Aldrich and were cultured in RPMI medium (GIBCO) supplemented with 5% FBS and 1% penicillin/streptomycin. CP-A cells (nondysplastic Barrett's esophagus) were purchased from American Type Culture Collection and cultured in DMEM/F12 medium (GIBCO) supplemented with 140 μg/ml bovine pituitary extract (Sigma), 0.4 μg/ml hydrocortisone (Sigma), 20 ng/ml epidermal growth factor (EGF; Invitrogen), 20 μg/ml adenine (Sigma), 0.1% Insulin-Transferrin-Sodium Selenite supplement (Sigma), and 5% FBS. Antibodies used in this study were as follows: AXL (C44G1), E-cadherin (24E10), Cathepsin B (D1C7Y), AKT (40D4), phospho-(S473)-AKT, NF-κB-p65 (D14E12), phospho-(S536)-NF-κB-p65 (93H1), Tubulin (DM1A) (Cell Signaling Technology); β-actin (AC-74; Sigma-Aldrich); Vimentin (2707-1; Epitomics); LAMP1 (AM8465b-EV; Abgent); phospho-(Y779)-AXL (AF2228; R&D Systems); MCT-1 antibody (AB3538P; Millipore); and ARL8B antibody (GTX44968; GeneTex). The pharmacological inhibitors AXL, R428 (BGB324); NF-κB, BAY 11-7082; and AKT, MK2206 were obtained from Selleckchem. The lysosome anterograde trafficking inhibitor niclosamide was purchased from Selleckchem. The cathepsin B inhibitors, leupeptin and CA-074, were obtained from Sigma-Aldrich and MedChem Express, respectively. MCT-1 inhibitor SR13800 was purchased from Tocris Bioscience.

Lentiviral shRNA-Mediated Silencing {#s0020}
-----------------------------------

FLO-1 and SK-GT-4 cell lines, both expressing high levels of endogenous AXL, were transduced with a set of five shRNA lentivirus particles (TRCN0000000572, TRCN0000000573, TRCN0000000576, TRCN0000195353, and TRCN0000194971) (Sigma-Aldrich) targeting AXL or a nontarget shRNA in the presence of Polybrene (4 μg/ml; Sigma-Aldrich). Knockdown of CTSB, MCT-1, or ARL8B was performed using the following shRNA lentivirus particles: TRCN0000003658, TRCN0000038340, and TRCN0000296944, respectively (Sigma-Aldrich). Puromycin was added after 48 hours from transduction for 2 weeks to select transductants.

Western Blotting {#s0025}
----------------

Cells were washed with ice-cold PBS and harvested using a cell scraper in the presence of RIPA buffer (50 mM Tris-HCl buffer, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) supplemented with 1× proteases inhibitor cocktail and 1× phosphatases inhibitor cocktail (Roche) on ice. Cell lysates were sonicated, clarified by centrifugation at 14,000 rpm for 10 minutes at 4°C, and BCA-assayed for total protein concentration (Pierce, Thermo Scientific). Proteins were resolved on 8%-10% SDS-PAGE and transferred to AmershamTM Protran nitrocellulose membranes (Amersham Biosciences GE Healthcare). Membranes were blocked in Tris-buffered saline Tween 20 (TBST) containing 5% bovine serum albumin (BSA) for 1 hour at room temperature and probed with specific primary antibodies overnight at 4°C. After 4 × 10-minute washes with TBST, membranes were incubated with horseradish peroxidase--conjugated secondary antibodies (Promega) for 1 hour at room temperature and washed 4 × 10 minutes in TBST. Blots were developed using ECL Western blotting detection reagent (Amersham Biosciences GE Healthcare) and signal intensity acquired using ChemiDoc XRS+ (Bio-Rad).

Transwell Invasion Assay {#s0030}
------------------------

Cells (10^4^) were seeded in serum-free medium into the upper chamber of a Corning Matrigel Invasion insert (Fisher Scientific). The insert was then placed in a 24-well plate filled with culture medium containing 5% FBS. After an incubation period of 48 hours, the cells remaining in the upper chamber were scraped using a sterile cotton-tipped applicator, whereas the cells that have invaded through the Matrigel were fixed and stained using the Three-Step Stain Set from Fisher Scientific. The inserts were then imaged using a light microscope and counted using ImageJ software (<https://imagej.nih.gov/ij/>). For drug treatment experiments, cells were first seeded for 6 hours then treated with R428 (0.2 μM), niclosamide (0.5 μM), leupeptin (20 μM), or CA-074 (10 μM) for 48 hours before being processed for staining and imaging as described above.

Fluorescence Microscopy {#s0035}
-----------------------

Cells were seeded on glass bottom culture dishes (MatTek Corporation) coated with fibronectin and grown to \~80% confluence for 24 hours. For drug treatment experiments, cells were treated with R428 (0.2 μM) or niclosamide (0.5 μM) for 48 hours before being processed for immunofluorescence. Cells were fixed with PBS containing 4% paraformaldehyde for 15 minutes, rinsed in PBS, and permeabilized with 0.1% Triton X-100 in PBS for 5 minutes at room temperature. Fixed cells were blocked with 3% BSA in PBS for 1 hour at room temperature and incubated with a primary antibody (LAMP1, 1:500) diluted in 3% BSA in PBS overnight at 4°C. Dishes were washed 3 × 5 minutes in PBS before being incubated with a species-specific Alexa Fluor 488--conjugated secondary antibody (Thermo Fisher Scientific) (1:500 in 3% BSA in PBS) for 1 hour at room temperature and washed again 3 × 5 minutes in PBS. Nuclei were then stained with DAPI (Cell Biolabs Inc.), and dishes were mounted with a cover glass using Aqua poly/Mount (Polysciences Inc.). Images were acquired using a laser scanning confocal microscope LSM 880 (Zeiss) with an oil immersion 60× NA 1.49 objective using fluorophore-specific lasers. Lysosomes localization was assessed after a perinuclear region was drawn within one third of the total distance from the nucleus to the plasma membrane. LAMP1-positive vesicles that are exclusively located within that region are considered perinuclear, while LAMP1-positive vesicles located beyond that region are considered peripheral.

Total Internal Reflection Fluorescence (TIRF) Microscopy {#s0040}
--------------------------------------------------------

Cells were seeded on glass-bottom culture dishes (FluoroDish, World Precision Instruments, Inc.) coated with fibronectin and grown to \~80% confluence for 24 hours. Cells were then incubated with Lysotracker Red DND-99 (Invitrogen, Molecular probes) to label acidic organelles according to the manufacturer's instructions. Images were acquired for 30 seconds with no delay using a Ti Eclipse inverted light microscope (Nikon) equipped with a perfect focus, TIRF illuminator (Nikon), a 60× NA 1.49 Apo TIRF objective, and Neo 5.5 cMOS camera (Andro). Automated vesicles tracking analysis was performed using Imaris image processing software (Bitplane).

Chick Chorioallantoic Membrane Assay {#s0045}
------------------------------------

Cells (10^6^) were grafted on top of "dropped" chorioallantoic membranes (CAM) of 10-day-old chick embryos and allowed to develop for 48 hours at 37°C. CAMs were then harvested and fixed in zinc formalin (Thermo Fisher) for 4 hours before ethanol dehydration and HistoGel embedding (Thermo Scientific). CAM sections (5 μm thick) were prepared from paraffin-embedded samples and processed for immunofluorescence. Antigen retrieval was performed in Modified Dako (Agilent). Aquablock (East Coast Bio) (20%) was used for blocking prior to antibody application for 1 hour at room temperature following manufacturer's instructions. Primary antibody hCD44 (29-7) (1 μg/ml) was obtained as described by Deryugina and Quigley [@bb0175] and incubated overnight at 4°C followed by incubation with species-specific Alexa-Fluor secondary antibodies (1:1000, Thermo Fisher) for 2 hours at room temperature. Collagen was stained using CNA-35 Alexa-488 (gift from Erin Rericha, Vanderbilt University) [@bb0180], [@bb0185] for 1 hour at room temperature, and nuclei were stained with Hoechst (2 μg/ml) (Invitrogen) for 15 minutes at room temperature. Slides were then mounted with ProLong Gold Antifade Mountant (Invitrogen). Fluorescent imaging was completed on an Olympus BX61WI upright fluorescent microscope using Volocity Imaging Software. The invasion depth was quantified as a measure of the distance tumor cells traveled into the CAM and was quantified in 4 different fields per image for a total of 30 images.

Cathepsin B Activity Assay {#s0050}
--------------------------

Cells were seeded on fibronectin in a 10-cm culture dish and grown to \~80% confluence for 24 hours, washed two times in PBS and one time in OptiMEM (Life Technologies), and finally incubated with OptiMEM for 48 hours. Conditioned media were collected, and cells were trypsinized, counted, and assessed for cell viability in the presence of trypan blue (Amresco Inc.). Conditioned media were further processed only when cells were \>90% viable. Conditioned media were cleared of cells and cell debris by centrifugation at 2000×*g* for 30 minutes at 4°C and then concentrated \~20 times using Amicon Ultra centrifugal filters with a molecular weight cutoff of 3 kDa (Millipore). Cathepsin B activity was then assessed using InnoZymeTM cathepsin B activity assay kit (Millipore) according to the manufacturer's instructions.

TCGA RNA-seq Analysis of Gene Expression in Human EAC Tumors {#s0055}
------------------------------------------------------------

Publically available RNA-seq data for esophageal cancer from the Cancer Genome Atlas were used to extract gene expression data for 88 esophageal adenocarcinoma primary tumors and 11 esophageal normal tissues. Gene expression was assessed as median absolute RNA counts in EAC tumors or normal tissues.

Extracellular pH Measurement and Lactate Assay {#s0060}
----------------------------------------------

Cells were cultured for up to 72 hours until they reach 100% confluence. Then conditioned media were harvested and pH measured immediately using a benchtop pH meter (accumetTM AE150, Fisher Scientific). The lactate assay was performed according to the manufacturer's instructions (Abcam). Briefly, cells were seeded in triplicate and assayed when confluence reached 70%. Cells were then synchronized by culturing them in serum-free media for 18 hours. Synchronized cells were then starved from glucose for 6 hours and cultured in complete media with glucose in the presence of 2 μM Oligomycin (Sigma Aldrich) for 18 hours. Conditioned media were then harvested, centrifuged for 5 minutes at 14,000 rpm, and subjected to lactate assay. Protein content was determined and used for normalization.

Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) {#s0065}
--------------------------------------------------------------------------------

Total RNA was extracted from cells using PureLink RNA Mini Kit (Invitrogen), and cDNA was synthesized using SuperScript cDNA Synthesis Kit (Invitrogen) according to the manufacturer's instructions. Synthesized cDNA was diluted five times, and 2 μl of this dilution was subjected to qRT-PCR. The qRT-PCR was performed with a Bio-Rad CFX Connect Real-time System in a 10-μl reaction volume using iQ SYBR Green Supermix (Bio-Rad) with the following specific primers: *AXL*: forward, 5′-GAAGGTACCATGACAACCCAGGCAAAGTG-3′ and reverse, 5′-GAACTCGAGACGCCATGGGTGCCAAAC-3′; *MCT-1*: forward, 5′-AGGTCCAGTTGGATACACCCC-3′ and reverse, 5′-GCATAAGAGAAGCCGATGGAAAT-3′; *HPRT1*: forward, 5′-ACCCTTTCCAAATCCTCAGC-3′ and reverse, 5′-GTTATGGCGACCCGCAG-3′; *CDH1*: forward, 5′-AGGCCAAGCAGCAGTACATT-3′ and reverse, 5′-ATTCACATCCAGCACATCCA-3′; *CDH2*: forward, 5′-GGTGGAGGAGAAGAAGACCAG-3′ and reverse, 5′-GGCATCAGGCTCCACAGT-3′; *SNAI1*: forward, 5′-CATCCTTCTCACTGCCATG-3′ and reverse, 5′-GTCTTCATCAAAGTCCTGTGG-3′; *SNAI2*: forward, 5′-ATGAGGAATCTGGCTGCTGT-3′ and reverse, 5′-CAGGAGAAAATGCCTTTGGA-3′; *TWIST1*: forward, 5′-TGCATGCATTCTCAAGAGGT-3′ and reverse, 5′-CTATGGTTTTGCAGGCCAGT-3′; *VIM*: forward, 5′-CCTTGAACGCAAAGTGGAATC-3′ and reverse, 5′-GACATGCTGTTCCTGAATCTGAG-3′; *CTSB*: forward, 5′-GGCCCCCTGCATCTATCG-3′ and reverse, 5′-AGGTCTCCCGCTGTTCCACTG-3′; *CTSD*: forward, 5′-CCTCCCTGGGTTCAGAAATG-3′ and reverse, 5′-TTCCAATGCACGAAACAGATCT-3′; *CTSL*: forward, 5′-AGGAGAGCAGTGTGGGAGAA-3′ and reverse, 5′-ATCTGGGGGCCTCATAAAAC-3′; *CTSK*: forward, 5′-TTCTGCTGCTACCTGTGGTG-3′ and reverse, 5′-GCCTCAAGGTTATGGATGGA-3′; *GAPDH*: forward, 5′-GAAAGCCTGCCGGTGACTAA-3′ and reverse, 5′-AGGAAAAGCATCACCCGGAG-3′. The threshold cycle number was determined by Bio-Rad CFX manager software version 3.0. Reactions were performed in triplicate, and the threshold cycle numbers were averaged. The data were normalized to the *HPRT1* or *GAPDH* housekeeping genes. The relative mRNA expression levels were calculated according to the formula 2(RT−ET)/2(Rn−En), as described previously [@bb0190].

Statistical Analysis {#s0070}
--------------------

Data are expressed as the mean ± SE or ± SD for each condition. Statistical significance was determined using the GraphPad Prism statistical software, and the nonparametric Mann-Whitney test was used for comparisons. Differences with *P* values ≤ .05 are considered significant.

Results {#s0075}
=======

Association of AXL Expression with EMT and Modulation of EAC Cells Invasion *In Vitro* and *In Vivo* {#s0080}
----------------------------------------------------------------------------------------------------

Since EMT is an essential step in invasion and metastasis of cancers [@bb0195], we assessed the expression of major EMT-associated genes according to AXL expression in human EAC primary tumors using the publically available TCGA dataset for esophageal cancer. We found a positive association between overexpression of AXL and higher EMT marker genes' expression ([Figure S1](#f0040){ref-type="graphic"}). In addition, we evaluated the EMT status of a panel of six EAC cell lines by Western blotting of E-cadherin versus vimentin protein expression. Vimentin expression in SK-GT-4, FLO-1, and OAC M5.1 indicated that these cell lines underwent EMT in contrast to OE19, ESO26, and OE33 cell lines that expressed higher levels of E-cadherin. We also found that AXL expression was markedly higher in SK-GT-4 and FLO-1 cells than in the other cell lines ([Figure S2](#f0045){ref-type="graphic"}*A*). Moreover, this observation was further confirmed by real-time quantitative PCR evaluation of *CDH1* versus *CDH2*, *SNAI1*, *SNAI2*, *TWIST1,* or *VIM* mRNA expression. Overall, consistent higher mesenchymal marker genes' expression was observed in SK-GT-4, FLO-1, and OAC M5.1 ([Figure S2](#f0045){ref-type="graphic"}, *B*-*G*). In addition, the *in vitro* Transwell invasion assay data indicated a positive association between AXL expression, EMT, and the invasiveness of EAC cell lines. Indeed, we found that SK-GT-4 and FLO-1 cells were highly invasive (*P* \< .001, [Figure S2](#f0045){ref-type="graphic"}, *H* and *I*).

To ascertain that the SK-GT-4 and FLO-1 cells' invasiveness is dependent on AXL, we knocked down AXL expression in these cells by RNA interference using AXL shRNA or control nontarget shRNA ([Figure 1](#f0005){ref-type="fig"}*A*). The Transwell invasion assay data indicated that AXL knockdown significantly impaired the invasiveness of SK-GT-4 cells (*P* \< .001, [Figure 1](#f0005){ref-type="fig"}, *B* and *C*) or FLO-1 cells (*P* \< .001, [Figure 1](#f0005){ref-type="fig"}, *D* and *E*) relative to their respective control cells. Moreover, in line with the AXL genetic knockdown data, we found that the pharmacologic inhibition of AXL activity by R428, as indicated by Western blot analysis of p-AXL (Y779) ([Figure S3](#f0050){ref-type="graphic"}*A*), significantly impaired the invasiveness of SK-GT-4 cells (*P* \< .05, [Figure S3](#f0050){ref-type="graphic"}, *D* and *E*) or FLO-1 cells (*P* \< .001, [Figure S3](#f0050){ref-type="graphic"}, *F* and *G*) in comparison with their respective vehicle-treated cells, without affecting their viability ([Figure S3](#f0050){ref-type="graphic"}, *B* and *C*).

To corroborate our *in vitro* invasion assay results, we used the CAM *in vivo* assay, as described in Methods. We found that knockdown of AXL expression in SK-GT-4 cells ([Figure 1](#f0005){ref-type="fig"}, *F* and *G*) and FLO-1 cells ([Figure 1](#f0005){ref-type="fig"}, *H* and *I*) significantly decreased invasion (*P* \< .001) into the CAM relative to their respective control cells. Collectively, our results demonstrate that cell invasion *in vitro* and *in vivo* depends on AXL expression.Figure 1Downregulation of AXL expression in EAC cells impairs invasion *in vitro* and *in vivo*. (A) Western blot analysis of AXL in whole cell lysates from SK-GT-4-shControl, SK-GT-4-shAXL, FLO-1-shControl, or FLO-1-shAXL cells. (B-E) *In vitro* Transwell invasion assay. (B) Transwell invasion assay representative images (20×) of SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (D) FLO-1-shControl versus FLO-1-shAXL cells. (C) Transwell invasion assay quantification as the number of invading SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (E) FLO-1-shControl versus FLO-1-shAXL cells per microscopic field. Data are represented as median ± SD. (F-I) *In vivo* CAM invasion assay. hCD44 in red, collagen in green, and nuclei in blue. The top of the CAM is oriented side up. (F) CAM invasion assay representative images (10×) of SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (H) FLO-1-shControl versus FLO-1-shAXL cells. (G) CAM invasion assay quantification as the invasion depth of SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (I) FLO-1-shControl versus FLO-1-shAXL cells per microscopic field. Data are represented as median ± SD.Figure 1

AXL Expression and Induction of Peripheral Localization of Lysosomes in EAC Cells {#s0085}
---------------------------------------------------------------------------------

Lysosomes localize to the cell periphery in invasive cells, and increased lysosomal exocytosis has been linked to cell invasion [@bb0065], [@bb0070]. To determine whether lysosomes relocate to the cell periphery in the event of AXL expression, we performed IF of the lysosomal marker LAMP-1 and assessed the localization of lysosomes as the percentage of cells with either perinuclear or peripheral lysosomes relative to the total number of examined cells. We found that lysosomes were significantly more peripheral in SK-GT-4-shControl cells than SK-GT-4-shAXL cells (*P* \< .001, [Figure 2](#f0010){ref-type="fig"}, *A* and *B*) or in FLO-1-shControl cells relative to FLO-1-shAXL cells (*P* \< .01, [Figure 2](#f0010){ref-type="fig"}, *C* and *D*). Conversely, knockdown of AXL expression significantly increased perinuclear localization of lysosomes in SK-GT-4 cells (*P* \< .001, [Figure 2](#f0010){ref-type="fig"}, *A* and *B*) and FLO-1 cells (*P* \< .01, [Figure 2](#f0010){ref-type="fig"}, *C* and *D*) relative to their respective control cells. In agreement with these data, the pharmacologic inhibition of AXL by R428 (0.2 μM) significantly decreased peripheral and increased perinuclear localization of lysosomes in SK-GT-4 cells (*P* \< .001, [Figure S3](#f0050){ref-type="graphic"}, *H* and *I*) and FLO-1 cells (*P* \< .01, [Figure S3](#f0050){ref-type="graphic"}, *J* and *K*) relative to their respective vehicle-treated control cells. The inhibition of AXL by R428 in both cell lines was confirmed by Western blot analysis of p-AXL (Y779) ([Figure S3](#f0050){ref-type="graphic"}*A*). To further confirm that lysosomes are more peripheral in cells expressing high levels of AXL, lysosomes were labeled with LysoTracker and live-imaged using total internal reflection fluorescence (TIRF) microscopy, which allows the visualization of lysosomes that are present at the cell periphery [@bb0200]. We found a significantly higher number of peripheral lysosomes in SK-GT-4-shControl cells relative to SK-GT-4-shAXL cells (*P* \< .01, [Figure 2](#f0010){ref-type="fig"}, *E* and *F*, [Video S1](#ec0005){ref-type="supplementary-material"}) or in FLO-1-shControl cells in comparison with FLO-1-shAXL cells (*P* \< .001, [Figure 2](#f0010){ref-type="fig"}, *G* and *H*, [Video S2](#ec0010){ref-type="supplementary-material"}), as indicated by automated tracking of the number of lysosome tracks per cell. Taken together, these data strongly suggest that AXL expression promotes peripheral localization of lysosomes in these EAC cell lines.Figure 2Knockdown of AXL expression decreases peripheral distribution of lysosomes in EAC cells. (A-D) LAMP1 IF analysis. (A) Representative confocal IF images (60×) of LAMP1 (green) in SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (C) FLO-1-shControl versus FLO-1-shAXL cells. Arrows point to cells with peripheral lysosomes, while arrowheads indicate cells with perinuclear lysosomes. (B) Quantification of the percentage of SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (D) FLO-1-shControl versus FLO-1-shAXL cells with either peripheral or perinuclear lysosomes. Data are represented as mean ± SE. (E-H) Live-TIRF microscopy analysis of lysosomes peripheral localization. (E) Representative TIRFM images (60X) of Lysotracker (+) acidic vesicles in SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (G) FLO-1-shControl versus FLO-1-shAXL cells. (F) Quantification of total number of tracks per cell present close to the plasma membrane of SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (H) FLO-1-shControl versus FLO-1-shAXL cells. Data are represented as median ± SD.Figure 2

Inhibition of Lysosomes Anterograde Trafficking and Impairment of AXL-Dependent Cell Invasion in EAC Cells {#s0090}
----------------------------------------------------------------------------------------------------------

Peripheral localization of lysosomes upon oncogene transformation is likely to promote lysosomal exocytosis and consequently cell invasion through ECM degradation [@bb0065], [@bb0070], [@bb0075]. To investigate whether peripheral localization of lysosomes is required for AXL-dependent cell invasion, anterograde trafficking of lysosomes was inhibited by knocking down of ARL8B expression using RNA interference [@bb0205], [@bb0210], [@bb0215]. Knockdown of ARL8B in SK-GT-4 and FLO-1 cells was confirmed by Western blot analysis ([Figure 3](#f0015){ref-type="fig"}*A*). Indeed, assessment of LAMP-1--positive lysosomes localization revealed that knockdown of ARL8B expression significantly increased the percentage of cells with perinuclear lysosomes and decreased the fraction of those with peripheral lysosomes in SK-GT-4 cells (*P* \< .001, [Figure 3](#f0015){ref-type="fig"}, *B* and *C*) and FLO-1 cells (*P* \< .001, [Figure 3](#f0015){ref-type="fig"}, *D* and *E*) compared to their respective control cells. Interestingly, downregulation of ARL8B expression also significantly reduced the invasion of SK-GT-4 cells by \~2-folds (*P* \< .001, [Figure 3](#f0015){ref-type="fig"}, *F* and *G*) and FLO-1 cells by \~5-folds (*P* \< .001, [Figure 3](#f0015){ref-type="fig"}, *H* and *I*) compared to their respective control cells, as assessed by *in vitro* Transwell invasion assay. To further support these data, anterograde trafficking of lysosomes was blocked using niclosamide [@bb0220]. Treatment of SK-GT-4 (*P* \< .001, [Figure S4](#f0055){ref-type="graphic"}, *A* and *B*) or FLO-1 (*P* \< .001, [Figure S4](#f0055){ref-type="graphic"}, *C* and *D*) parental cells with niclosamide (0.5 μM) significantly decreased the fraction of peripheral lysosomes relative to their respective vehicle-treated control cells as assessed by IF of LAMP1. Conversely, niclosamide significantly increased the perinuclear fraction of lysosomes in SK-GT-4 cells (*P* \< .001, [Figure S4](#f0055){ref-type="graphic"}, *A* and *B*) and in FLO-1 cells (*P* \< .001, [Figure S4](#f0055){ref-type="graphic"}, *C* and *D*) compared to their respective vehicle-treated cells. Additionally, analysis of cell invasion *in vitro* through Matrigel revealed that inhibition of anterograde trafficking of lysosomes using niclosamide significantly decreased the invasiveness of SK-GT-4 cells (*P* \< .01, [Figure S4](#f0055){ref-type="graphic"}, *E* and *F*) and FLO-1 cells (*P* \< .001, [Figure S4](#f0055){ref-type="graphic"}, *H* and *I*) in comparison with their respective vehicle-treated cells. The cell viability was not affected by niclosamide after treatment of either SK-GT-4 cells ([Figure S4](#f0055){ref-type="graphic"}*G*) or FLO-1 cells ([Figure S4](#f0055){ref-type="graphic"}*J*). Taken together, these results strongly suggest that the peripheral lysosomal localization is required for AXL-dependent cell invasion.Figure 3Inhibition of lysosomes anterograde trafficking decreases AXL-dependent cell invasion. (A) Western blot analysis of AXL in whole cell lysates from SK-GT-4-shControl, SK-GT-4-shARL8B, FLO-1-shControl, or FLO-1-shARL8B cells. (B-E) LAMP1 IF analysis. (B) Representative confocal IF images (60×) of LAMP1 (Green) in SK-GT-4-shControl versus SK-GT-4-shARL8B cells or (D) FLO-1-shControl versus FLO-1-shARL8B cells. Arrows point to cells with peripheral lysosomes, while arrowheads indicate cells with perinuclear lysosomes. (C) Quantification of the percentage of SK-GT-4-shControl versus SK-GT-4-shARL8B cells or (E) FLO-1-shControl versus FLO-1-shARL8B cells with either peripheral or perinuclear lysosomes. Data are represented as mean ± SE. (F-I) Transwell invasion assay. (F) Transwell invasion assay representative images (20×) of SK-GT-4-shControl versus SK-GT-4-shARL8B cells or (H) FLO-1-shControl versus FLO-1-shARL8B cells. (G) Transwell invasion assay quantification as the number of invading SK-GT-4-shControl versus SK-GT-4-shARL8B cells or (I) FLO-1-shControl versus FLO-1-shARL8B cells per microscopic field. Data are represented as median ± SD.Figure 3

Cell Invasion Mediation by AXL through Regulation of Cathepsin B Secretion in EAC Cells {#s0095}
---------------------------------------------------------------------------------------

Lysosomal exocytosis of hydrolases is likely to facilitate ECM degradation, invasion, and cancer progression [@bb0065], [@bb0070], [@bb0075]. To identify lysosomal exocytosis of candidate cathepsins in EAC cells, we mined publicly available RNA-seq data for EAC from the Cancer Genome Atlas (TCGA) and extracted the expression levels of key cathepsins involved in cancer progression. Our analysis identified cathepsin B to be highly expressed in EAC primary tumors and differentially overexpressed relative to normal esophageal tissues (*P* \< .001, [Figure 4](#f0020){ref-type="fig"}*A*). Expression levels of these cathepsins were further examined in our EAC cell lines by real-time quantitative PCR and contrasted to their expression in a premalignant nondysplastic Barrett's esophagus cell line CP-A. Consistent with the TCGA data, we found that cathepsin B was highly expressed compared to the other cathepsins in SK-GT-4 and FLO-1 cells relative to CP-A cells ([Figure 4](#f0020){ref-type="fig"}*B*). To investigate whether cathepsin B secretion is regulated by AXL, serum-free conditioned media (CM) from SK-GT-4-shAXL cells, FLO-1-shAXL cells, or their respective shControl cells were concentrated and normalized for equal cell number then analyzed by Western blot to evaluate levels of secreted cathepsin B proteins. We found that cathepsin B was mostly secreted as a proform (procathepsin B) and to a lesser extent as active cathepsin B. Moreover, the data revealed that knockdown of AXL expression reduced active cathepsin B secretion by approximately 50% in SK-GT-4 cells ([Figure 4](#f0020){ref-type="fig"}*C*) as well as FLO-1 cells ([Figure 4](#f0020){ref-type="fig"}*D*) in comparison with their respective control cells. To corroborate these data, the same serum-free conditioned media were used to assess the enzymatic activity of secreted cathepsin B. As expected, knockdown of AXL expression significantly decreased cathepsin B activity by 50% in SK-GT-4 cells (*P* \< .05, [Figure 4](#f0020){ref-type="fig"}*E*) and by 30% in FLO-1 cells (*P* \< .05, [Figure 4](#f0020){ref-type="fig"}*F*) relative to their respective control cells. Notably, our Western blot data showed that knockdown of AXL expression in SK-GT-4 and FLO-1 cells had no significant effect on the expression levels of intracellular cathepsin B proteins ([Figure 4](#f0020){ref-type="fig"}, *C* and *D*).Figure 4Downregulation of AXL expression impairs cathepsin B secretion and cell invasion in EAC cells. (A) Cathepsins' median expression in a panel of 88 EAC primary tumors versus 11 esophageal normal tissues (NT) from the TCGA RNA-Seq data. (B) Cathepsins' relative mRNA expression in premalignant nondysplastic Barrett's CP-A cell line versus SK-GT-4 and FLO-1 EAC cell lines. (C) Western blot analysis of cathepsin B in conditioned media (CM) or whole cell lysates (WCL) from SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (D) FLO-1-shControl versus FLO-1-shAXL cells. (E-F) Cathepsin B activity assay in CM. (E) Cathepsin B activity in CM from SK-GT-4-shControl versus SK-GT-4-shAXL cells, or (F) FLO-1-shControl versus FLO-1-shAXL cells. (G) Western blot analysis of cathepsin B in WCL from SK-GT-4-shControl versus SK-GT-4-shCTSB, or (J) FLO-1-shControl versus or FLO-1-shCTSB cells. (H-I; K-L) Transwell invasion assay. (H) Transwell invasion assay representative images (20×) of SK-GT-4-shControl versus SK-GT-4-shCTSB cells or (K) FLO-1-shControl versus FLO-1-shCTSB cells. (I) Transwell invasion assay quantification as the number of invading SK-GT-4-shControl versus SK-GT-4-shCTSB cells or (L) FLO-1-shControl versus FLO-1-shCTSB cells per microscopic field. Data are represented as mean ± SE or median ± SD.Figure 4

Secretion of cathepsin B has been reported to promote cell invasion [@bb0090], [@bb0225], [@bb0230]. Therefore, we tested whether cathepsin B is required for AXL-dependent cell invasion by knocking down cathepsin B expression using RNA interference. Effective downregulation of cathepsin B expression in SK-GT-4 ([Figure 4](#f0020){ref-type="fig"}*G*) and FLO-1 cells ([Figure 4](#f0020){ref-type="fig"}*J*) was confirmed by Western blot analysis. The Transwell invasion assay data revealed that knockdown of cathepsin B expression significantly impaired AXL-dependent invasion in SK-GT-4 cells (*P* \< .001, [Figure 4](#f0020){ref-type="fig"}, *H* and *I*) or FLO-1 cells (*P* \< .001, [Figure 4](#f0020){ref-type="fig"}, *K* and *L*) relative to their respective control cells. Additionally, cell invasion was assessed in the context of cathepsin B activity inhibition using either leupeptin (20 μM) or CA-074 (10 μM) [@bb0235]. We found that inhibition of cathepsin B activity significantly impaired AXL-dependent invasion in SK-GT-4 cells (*P* \< .001, [Figure S5](#f0060){ref-type="graphic"}, *A*, *B*, *G* and *H*) or FLO-1 cells (*P* \< .001, [Figure S5](#f0060){ref-type="graphic"}, *D*, *E*, *J* and *K*) relative to their respective vehicle-treated cells. The cell viability assay results showed that leupeptin- or CA-074--induced suppression of cell invasion was not due to cytotoxicity effects in both SK-GT-4 cells ([Figure S5](#f0060){ref-type="graphic"}, *C* and *F*) or FLO-1 cells ([Figure S5](#f0060){ref-type="graphic"}, *I* and *L*). Our data strongly suggest that active cathepsin B secretion is required for AXL-dependent cell invasion.

Peripheral Localization of Lysosomes and Cell Invasion Mediation by AXL through Regulation of Extracellular Acidification {#s0100}
-------------------------------------------------------------------------------------------------------------------------

Acidic extracellular pH (pH~e~) induces a peripheral distribution of lysosomes in cancer cells [@bb0240], [@bb0245]. We investigated whether AXL-dependent lysosomes peripheral distribution is dependent on extracellular acidification. We found that pH values of the CM from SK-GT-4-shAXL (pH 6.9) or FLO-1-shAXL (pH 6.8) cells were slightly less acidic than those from SK-GT-4-shControl (pH 6.6) or FLO-1-shControl (pH 6.6) cells ([Figure S6](#f0065){ref-type="graphic"}). Since lactate secretion is the major contributor to the acidification of the extracellular microenvironment, we assessed the amount of lactate in the CM of these cells. Consistent with the pH~e~ measurement data ([Figure S6](#f0065){ref-type="graphic"}), lactate secretion was 25% higher in SK-GT-4-shControl cells (7.06 nmol/μl) relative to SK-GT-4-shAXL cells (5.32 nmol/μl, *P* \< .01, [Figure 5](#f0025){ref-type="fig"}*A*) and 30% higher in FLO-1-shControl cells (6.04 nmol/μl) in comparison with FLO-1-shAXL cells (4.12 nmol/μl, *P* \< .01, [Figure 5](#f0025){ref-type="fig"}*A*).

To ascertain that AXL-induced acidification of the CM is responsible for the peripheral distribution of lysosomes and the consequent increase in cell invasion, SK-GT-4-shAXL or FLO-1-shAXL cells that displayed less acidic pH~e~ were cultured in physiological (pH 7.4) or acidic pH (pH 6.5) and assessed for lysosomes distribution by IF of LAMP1 and cell invasion *in vitro*. We found that culturing the cells in acidic pH significantly increased the proportion of cells with peripheral lysosomes and decreased the percentage of cells with perinuclear lysosomes relative to SK-GT-4-shAXL (*P* \< .001, [Figure 5](#f0025){ref-type="fig"}, *B* and *C*) and FLO-1-shAXL (*P* \< .001, [Figure 5](#f0025){ref-type="fig"}, *D* and *E*) cultured at pH 7.4. Additionally, culturing SK-GT-4-shAXL or FLO-1-shAXL cells in acidic pH significantly increased their invasiveness *in vitro* by \~2-folds compared to the cells cultured in physiological pH (*P* \< .001, [Figure 5](#f0025){ref-type="fig"}, *F* and *G*, and *H* and *I*, respectively). Collectively, these results suggest that AXL mediates peripheral distribution of lysosomes and cell invasion through regulation of extracellular acidification.Figure 5AXL expression mediates lysosomes peripheral distribution and cell invasion through lactate secretion and extracellular acidification. (A) Lactate assay measuring lactate secretion in the CM of SK-GT-4-shControl versus SK-GT-4-shAXL cells or FLO-1-shControl versus FLO-1-shAXL cells. (B-E) LAMP1 IF analysis. (B) Representative confocal IF images (60×) of LAMP1 (green) in SK-GT-4-shAXL cells, or (D) FLO-1-shAXL cells cultured in either pH 7.4 or pH 6.5. Arrows point to cells with peripheral lysosomes, while arrowheads indicate cells with perinuclear lysosomes. (C) Quantification of the percentage of SK-GT-4-shAXL or (E) FLO-1-shAXL cells with either peripheral or perinuclear lysosomes relative to their respective total cell number after culturing in pH 7.4 or pH 6.5. Data are represented as mean ± SE. (F-I) Transwell invasion assay. (F) Transwell invasion assay representative images (20×) of SK-GT-4-shAXL cells or (H) FLO-1-shAXL cells cultured in pH 7.4 or pH 6.5. (G) Transwell invasion assay quantification as the number of invading SK-GT-4-shAXL cells or (I) FLO-1-shAXL cells per microscopic field after culturing in pH 7.4 or pH 6.5. Data are represented as median ± SD.Figure 5

Promotion of Lactate Secretion and Cell Invasion by AXL through Regulation of MCT-1 Expression {#s0105}
----------------------------------------------------------------------------------------------

Acidification of the tumor microenvironment by lactate secretion is controlled by monocarboxylate transporters, and it has been reported that MCT-1 can transport lactate into and out of tumor cells [@bb0135], [@bb0140]. To determine whether AXL-induced lactate secretion is dependent on MCT-1, we downregulated MCT-1 expression using RNA interference ([Figure 6](#f0030){ref-type="fig"}*A*). We found that downregulation of MCT-1 expression decreased the amount of lactate secreted in the CM of SK-GT-4 cells or FLO-1 cells by \~30% relative to their respective control cells ([Figure 6](#f0030){ref-type="fig"}*B*). Additionally, assessment of cell invasion *in vitro* revealed that MCT-1 knockdown significantly impaired the invasiveness of SK-GT-4 cells (*P* \< .001, [Figure 6](#f0030){ref-type="fig"}, *C* and *D*) or FLO-1cells (*P* \< .001, [Figure 6](#f0030){ref-type="fig"}, *E* and *F*) compared to their respective control cells. Moreover, we inhibited the activity of MCT-1 using SR13800 (1 μM) and assessed the amount of lactate in the CM of our EAC cell models. We found that MCT-1 inhibition significantly decreased lactate secretion by 30% in SK-GT-4 cells (4.96 nmol/μl) relative to control cells (7.16 nmol/μl) (*P* \< .01, [Figure S7](#f0070){ref-type="graphic"}*A*) and by 50% in FLO-1 cells (3.21 nmol/μl) in comparison with control cells (6.58 nmol/μl) (*P* \< .01, [Figure S7](#f0070){ref-type="graphic"}*A*). Furthermore, we found that inhibition of MCT-1 activity significantly impaired the invasiveness of SK-GT-4 cells (*P* \< .001, [Figure S7](#f0070){ref-type="graphic"}, *B* and *C*) as well as FLO-1 cells (*P* \< .001, [Figure S7](#f0070){ref-type="graphic"}, *D* and *E*) compared to their respective control cells without affecting their viability ([Figure S7](#f0070){ref-type="graphic"}*F*). We next investigated whether AXL regulates MCT-1 expression using real-time RT-PCR and Western blotting. We found that the mRNA levels of *MCT-1* were significantly lower in SK-GT-4-shAXL (*P* \< .05, [Figure 6](#f0030){ref-type="fig"}, *G* and *H*) or FLO-1-shAXL (*P* \< .05, [Figure 6](#f0030){ref-type="fig"}, *I* and *J*) compared to their respective control cells. Moreover, MCT-1 protein expression was also decreased in SK-GT-4-shAXL ([Figure 6](#f0030){ref-type="fig"}*K*) or FLO-1-shAXL ([Figure 6](#f0030){ref-type="fig"}*L*) relative to their respective control cells. Collectively, these data suggest that AXL induced-lactate secretion may involve regulation of mRNA and protein expression of MCT-1.

Up-regulation of MCT-1 Expression by AXL through Regulation of the AKT-NF-κB Signaling Pathway {#s0110}
----------------------------------------------------------------------------------------------

Based on the published reports indicating that MCT-1 expression is upregulated by NF-κB [@bb0160], [@bb0250] and that AXL activates NF-κB pathway through AKT [@bb0170], we hypothesized that AXL could upregulate MCT-1 expression through regulation of AKT-NF-κB signaling axis. In fact, we found that both AKT and NF-κB pathways are downregulated in SK-GT-4-shAXL ([Figure 7](#f0035){ref-type="fig"}*A*) and FLO-1-shAXL ([Figure 7](#f0035){ref-type="fig"}*B*) compared to their respective control cells as assessed by Western blotting of p-AKT (S473) and p-NF-κB-p65 (S536). We next investigated whether pharmacological inhibition of NF-κB or AKT pathways could decrease MCT-1 protein expression. Indeed, inhibition of either NF-κB using BAY 11-7082 (5 μM) or AKT using MK2206 (20 μM) markedly downregulated MCT-1 protein expression in SK-GT-4 cells ([Figure 7](#f0035){ref-type="fig"}*C*) or FLO-1 cells ([Figure 7](#f0035){ref-type="fig"}*D*) relative to their respective control cells. Notably, inhibition of NF-κB using BAY (5 μM) downregulated *MCT-1* mRNA expression in both SK-GT-4 cells ([Figure 7](#f0035){ref-type="fig"}*E*) and FLO-1 cells ([Figure 7](#f0035){ref-type="fig"}*F*) compared to their respective control cells. Our findings indicate that AXL upregulates MCT-1 expression through regulation of the AKT-NF-κB signaling pathway in EAC cells.Figure 6AXL-induced lactate secretion and cell invasion depends on MCT-1 activity. (A) Western blot analysis of MCT-1 in whole cell lysates from SK-GT-4-shControl, SK-GT-4-shMCT-1, FLO-1-shControl, and FLO-1-shMCT-1 cells. (B) Lactate assay measuring lactate secretion in the CM of SK-GT-4-shControl versus SK-GT-4-shMCT-1 cells or FLO-1-shControl versus FLO-1-shMCT-1 cells. (C-F) Transwell invasion assay. (C) Transwell invasion assay representative images (20×) of SK-GT-4-shControl versus SK-GT-4-shMCT-1 cells or (E) FLO1-shControl versus FLO-1-shMCT-1 cells. (D) Transwell invasion assay quantification as the number of invading SK-GT-4-shControl versus SK-GT-4-shMCT-1 cells or (F) FLO-1-shControl versus FLO-1-shMCT-1 cells. Data are represented as median ± SD. (G-J) Real-time quantitative PCR analysis of *MCT-1* and *AXL* mRNA expression in SK-GT-4-shControl versus SK-GT-4-shAXL (G and H), and in FLO-1-shControl versus FLO-1-shAXL (I and J). Data are represented as mean ± SD. (K-L) Western blot analysis of MCT-1 and AXL protein expression in SK-GT-4-shControl versus SK-GT-4-shAXL (K), and in FLO-1-shControl versus FLO-1-shAXL (L).Figure 6Figure 7AXL-dependent activation of the AKT-NF-κB pathway is required for upregulation of MCT-1 expression. (A-B) Western blot analysis of AXL, p-AKT (S473), total AKT, p-NF-κB-p65(S536), total NF-κB-p65, and MCT-1 in SK-GT-4-shControl cells (A) or FLO-1-shControl cells (B) versus their respective shAXL cells. (C-D) Western blot analysis of p-AKT (S473), total AKT, p-NF-κB-p65(S536), total NF-κB-p65, and MCT-1 in SK-GT-4 control cells (C) or FLO-1 control cells (D) versus their respective BAY- or MK2206-treated cells. (E-F) Real-time quantitative PCR analysis of *MCT-1* mRNA expression in SK-GT-4 control cells (E) or FLO-1 control cells (F) versus their respective BAY-treated cells. Data are represented as mean ± SD.Figure 7

Discussion {#s0115}
==========

Although the role of AXL in cancer cell invasion has been established, the underlying mechanism remains unclear. Our results show that AXL overexpression is related to an EMT phenotype, an aggressive feature of invasion and metastasis in EAC. We found that AXL overexpression is associated with higher expression of major EMT marker genes in human EAC primary tumors and cell lines. In fact, AXL was shown to be a downstream effector of EMT that is required for breast cancer metastasis [@bb0045]. In addition, AXL functions as an effector of vimentin-dependent breast cancer cell migration during EMT [@bb0255].

We found that AXL expression is concomitant with a peripheral distribution of lysosomes and knockdown of AXL expression redistributes lysosomes to a more perinuclear location. Our findings are consistent with other studies showing that transformation and cancer progression induce a series of changes in lysosomes function and an increase in the peripheral distribution of lysosomes [@bb0060]. Lysosomes travel along the two-way microtubule tracks and reach the cell periphery through the microtubule anterograde trafficking, which is regulated by the PI3K pathway and the GTPase RhoA [@bb0245]. Our data involve AXL expression in the regulation of peripheral localization of lysosomes and cell invasion, suggesting that the two events have a causal relationship. Indeed, cancer-associated peripheral distribution of lysosomes is emerging as important for cell migration and invasion [@bb0075]. Consistent with Dykes and colleagues, we found that mesenchymal EAC cell lines expressing high levels of AXL display enhanced anterograde lysosome trafficking and that inhibition of lysosome trafficking by knocking down AXL does not seem to reverse EMT (data not shown) but does inhibit EMT-mediated cell invasion [@bb0260]. Moreover, we showed that inhibition of AXL-dependent peripheral distribution of lysosomes by knocking down of ARL8B expression or using niclosamide strongly impairs cell invasion, demonstrating that AXL-mediated cell invasion requires an effective trafficking of lysosomes to the cell periphery. We postulated that peripheral distribution of lysosomes may be accompanied by enhanced lysosomal exocytosis. Indeed, we observed that AXL expression increases secretion of the active form of cathepsin B in the conditioned media of EAC cells. Notably, the secretion of the proform of cathepsin B remained high and unaffected by downregulation of AXL expression in these cells. In fact, tumor cells secrete both procathepsin B and active cathepsin B, and the secretion of procathepsin B occurs principally as a result of increased expression in cancer cells [@bb0265]. Our data suggest that AXL regulates active cathepsin B secretion but not its expression. It is well established that cathepsins trafficked to the cell periphery or secreted via exocytosis of peripheral lysosomes augment cell invasion through ECM remodeling [@bb0270], [@bb0275], [@bb0280]. Consistent with other studies, we found that inhibition of cathepsin B expression and activity strongly impairs AXL-dependent cell invasion, further demonstrating the need for active cathepsin B to maintain cell invasion [@bb0090].

Several studies indicate that extracellular acidification induces lysosomes redistribution to the cell periphery [@bb0240], [@bb0245]. Extracellular acidification is often observed in the tumor microenvironment, and lactate secretion is the major contributor to this effect [@bb0285]. In line with these studies, our data show that AXL expression and dependent cell invasion are associated with increased extracellular acidity as well as lactate secretion in EAC cells. It is well established that acidification of the tumor microenvironment by lactate secretion is mediated by MCTs that passively transport lactate and protons across the cell membrane [@bb0130]. Increased expression of MCT-1, which exports lactate from cancer cells, has been involved in cancer cell migration, invasion, angiogenesis, and metastasis [@bb0110], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155]. In fact, our data indicate that MCT-1 is required for the secretion of lactate and cell invasion in AXL-expressing EAC cells, as knockdown or pharmacological inhibition of MCT-1 impairs these effects. Mechanistic investigations showed that MCT-1 expression is upregulated by AXL through activation of the AKT-NF-κB signaling pathway in EAC cells. Pharmacological inhibition of NF-κB reduced MCT-1 protein and mRNA expression, suggesting transcriptional regulation of *MCT-1* by NF-κB. In support of this finding, Cuff and Beechey have previously identified NF-κB putative binding sites in the *MCT-1* promoter region [@bb0165]. Further studies will be required to validate these transcription binding sites. Collectively, our findings suggest that AXL-dependent lactate secretion could be the result of increased MCT-1 expression. However, we cannot exclude that the increase in lactate secretion could be due to enhanced aerobic glycolysis activity in AXL-expressing EAC cells, a common feature of glycolytic cancer cells known as the "Warburg Effect" [@bb0100].

AXL-dependent extracellular acidity could play a key role in the activation of secreted cathepsin B leading to cell invasion. It is proposed that an acidic pHe increases the activation of some lysosomal proteases with acidic optimal pH, thereby promoting the degradation of the ECM, cell migration, and invasion (reviewed in [@bb0120]). We and others have observed that acidic pH~e~ appears to transduce an intracellular signaling that activates the anterograde trafficking machinery, thereby enhancing lysosome peripheral distribution and exocytosis [@bb0240], [@bb0245]. However, the underlying molecular mechanisms remain unknown.

RTKs have been shown to stimulate lysosomes trafficking, protease secretion, and cell invasion by distinct molecular mechanisms. Indeed, HGF and its receptor MET have been reported to induce anterograde trafficking of lysosomes through the PI3K pathway, microtubules, RhoA signaling, and activity of sodium-proton exchangers (NHEs) [@bb0245]. Moreover, EGF through its receptor EGFR has been shown to induce anterograde lysosomes trafficking through p38 MAPK activity and NHEs [@bb0260]. Our study identifies a new signaling cascade involving the AXL RTK, AKT/NF-κB signaling pathway and the lactate transporter MCT-1, promoting the peripheral redistribution of lysosomes and subsequent cell invasion. Interestingly, although these RTKs have overlapping downstream signaling pathways, they seem to act through distinct signaling effectors to induce peripheral distribution of lysosomes and cell invasion. EGFR- and MET-induced lysosome anterograde trafficking depends on NHEs in prostate cancer cells ([@bb0245],[@bb0260]). Although NHE-mediated proton reflux contributes to the acidification of the extracellular environment, expression of NHE1 does not appear to be regulated by AXL in our EAC cell models (data not shown). Our data show that AXL contributes to the extracellular acidification through the regulation of lactate transport.

How AXL-dependent increased extracellular acidity regulates lysosome trafficking remains to be investigated. We propose that an acidic tumor microenvironment could induce cell invasion through formation of invadopodia, which are actin-rich protrusions of the plasma membrane that are associated with degradation of the ECM in invasive cancer cells through local deposition of proteases. Future studies will be necessary to examine whether AXL-dependent extracellular acidification induces invadopodia formation and whether peripheral lysosomes localize to these protrusions resulting in cathepsin secretion and localized invasion. In support of this hypothesis, it has been shown that LAMP1-positive vesicles are present in invadopodia [@bb0290]. Moreover, invadopodia have been shown to be critical docking and secretion sites for multivesicular endosomes, which fuse with the plasma membrane for exosome secretion [@bb0295].

Conclusions {#s0120}
===========

In summary, we addressed the role of AXL in cell invasion by proposing a novel mechanism that implicates upregulation of extracellular acidification, lysosomes peripheral distribution, and exocytosis. Targeting AXL with the specific tyrosine kinase inhibitor R428 (BGB324) reverses these effects and effectively reduces cell invasion. Given our current knowledge of the mechanistic role of AXL in regulating cancer cell invasion, our data support future clinical trials to evaluate the therapeutic potential of R428 in highly invasive EAC.

The following are the supplementary data related to this article.Supplementary Figure S1AXL expression is positively associated with an EMT expression pattern. Median mRNA expression of EMT-associated genes in human primary EAC tumors from TCGA dataset (88 tumors) according to AXL expression levels (low AXL ≤2-fold median expression, high AXL \>2-fold median expression). Boxplots represent RNA absolute counts. *PCC*: Pearson's correlation coefficient.Supplementary Figure S1Supplementary Figure S2AXL expression positively correlates with EMT and cell invasion in EAC cell lines. (A) Western blot of total cell lysates from a panel of six EAC cell lines showing expression of epithelial (E-cadherin) versus mesenchymal (vimentin) markers, and AXL protein expression. (B-G) Real-time quantitative PCR analysis of CDH1 (B), CDH2 (C), SNAI1 (D), SNAI2 (E), TWIST1 (F), and VIM (G) relative mRNA expression in a panel of six EAC cell lines. (H-I) Transwell invasion assay. (H) Transwell invasion assay representative images of OE19 and OE33 epithelial cell lines versus SK-GT-4 and FLO-1 mesenchymal cell lines. (I) Transwell invasion assay quantification of OE19 and OE33 versus SK-GT-4 and FLO-1 cell lines as the number of invading cells per microscopic field. Data are presented as mean ± SD.Supplementary Figure S2Supplementary Figure S3Pharmacological inhibition of AXL in EAC cells impairs invasion *in vitro* and decreases peripheral distribution of lysosomes. (A) Western blot analysis of p-AXL (Y779) or total AXL in whole cell lysates from SK-GT-4 or FLO-1 cells treated with vehicle or R428 (0.2 μM). (B-C) Trypan blue viability assay of SK-GT-4 or FLO-1 cells treated with vehicle or R428. (D-G) Transwell invasion assay. (D) Transwell invasion assay representative images (20×) of SK-GT-4 or (F) FLO-1 cells treated with vehicle or R428. (E) Transwell invasion assay quantification as the number of invading SK-GT-4 or (G) FLO-1 cells per microscopic field after treatment with vehicle or R428. Data are presented as mean ± SD. (H-K) LAMP1 IF analysis. (H) Representative confocal immunofluorescence images (60×) of LAMP1 (green) in SK-GT-4 or (J) FLO-1 cells treated with vehicle or R428 (0.2 μM). Arrows point to cells with peripheral lysosomes, while arrowheads depict cells with perinuclear lysosomes. (I) Quantification of the percentage of SK-GT-4 or (K) FLO-1 cells with either peripheral or perinuclear lysosomes relative to their respective total cell number following treatment with vehicle or R428. Data are presented as mean ± SE.Supplementary Figure S3Supplementary Figure S4Pharmacological inhibition of lysosomes anterograde trafficking impairs AXL-dependent cell invasion in EAC cells. (A-D) LAMP1 IF analysis. (A) Representative confocal IF images (60×) of LAMP1 (green) in SK-GT-4 cells or (C) FLO-1 cells treated with vehicle or niclosamide (0.5 μM) for 48 hours. Arrows point to cells with peripheral lysosomes, while arrowheads indicate cells with perinuclear lysosomes. (B) Quantification of the percentage of SK-GT-4 cells or (D) FLO-1 cells with either peripheral or perinuclear lysosomes relative to their respective total cell number after treatment with vehicle or niclosamide. Data are presented as mean ± SE. (E-J) Transwell invasion assay. (E) Transwell invasion assay representative images (20×) of SK-GT-4 cells or (H) FLO-1 cells treated with vehicle or niclosamide (0.5 μM) for 48 hours. (F) Transwell invasion assay quantification as the number of invading SK-GT-4 cells or (I) FLO-1 cells per microscopic field after treatment with vehicle or niclosamide. Data are presented as median ± SD. (G) Trypan blue-viability assay of SK-GT-4 cells or (J) FLO-1 cells following treatment with vehicle or niclosamide.Supplementary Figure S4Supplementary Figure S5Pharmacological inhibition of cathepsin B activity impairs AXL-dependent cell invasion in EAC cells. (A-F) Transwell invasion assay in the presence of leupeptin. (A) Transwell invasion assay representative images (20×) of SK-GT-4 cells or (D) FLO-1 cells treated with vehicle or leupeptin (20 μM) for 48 hours. (B) Transwell invasion assay quantification as the number of invading SK-GT-4 cells or (F) FLO-1 cells per microscopic field after treatment with vehicle or leupeptin. Data are presented as median ± SD. (C) Trypan blue viability assay of SK-GT-4 cells or (F) FLO-1 cells following treatment with vehicle or leupeptin. (G-L) Transwell invasion assay in the presence of CA-074. (G) Transwell invasion assay representative images (20×) of SK-GT-4 cells or (J) FLO-1 cells treated with vehicle or CA-074 (10 μM) for 48 hours. (H) Transwell invasion assay quantification as the number of invading SK-GT-4 cells or (K) FLO-1 cells per microscopic field after treatment with vehicle or CA-074. Data are presented as median ± SD. (I) Trypan blue-viability assay of SK-GT-4 cells or (L) FLO-1 cells following treatment with vehicle or CA-074.Supplementary Figure S5Supplementary Figure S6AXL expression promotes extracellular pH acidity. Direct measurement of pH of the CM from SK-GT-4-shControl versus SK-GT-4-shAXL cells or FLO-1-shControl versus FLO-1-shAXL cells. *ns*, statistically not significant.Supplementary Figure S6Supplementary Figure S7Pharmacological inhibition of MCT-1 activity impairs AXL-dependent cell invasion in EAC cells. (A) Lactate assay measuring lactate secretion in the CM of vehicle-treated versus SR13800-treated SK-GT-4 cells or vehicle-treated versus SR13800-treated FLO-1 cells. (B-E) Transwell invasion assay. (B) Transwell invasion assay representative images (20×) of vehicle- versus SR13800-treated SK-GT-4 cells or (D) vehicle- versus SR13800-treated FLO-1 cells. (C) Transwell invasion assay quantification as the number of invading vehicle- versus SR13800-treated SK-GT-4 cells or (E) vehicle- versus SR13800-treated FLO-1 cells. Data are presented as median ± SD. (F) Trypan blue viability assay of SK-GT-4 or FLO-1 cells following treatment with vehicle or SR13800.Supplementary Figure S7Video S1TIRF live-imaging (63x) of LysoTracker-labeled acidic organelles in SK-GT-4 cells showing a higher number of peripheral lysosomes in shControl cells relative to shAXL cells.Video S1Video S2TIRF live-imaging (63x) of LysoTracker-labeled acidic organelles in FLO-1 cells showing a higher number of peripheral lysosomes in shControl cells relative to shAXL cells.Video S2
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